Mutations in the human cytomegalovirus DNA polymerase (UL54) can not only decrease but also increase susceptibility to the pyrophosphate (PP i ) analogue foscarnet. The proximity of L802M, which confers resistance, and K805Q, which confers hypersusceptibility, suggests a possible unifying mechanism that affects drug susceptibility in one direction or the other. We found that the polymerase activities of L802M-and K805Q-containing mutant enzymes were literally indistinguishable from that of wild-type UL54; however, susceptibility to foscarnet was decreased or increased, respectively. A comparison with the crystal structure model of the related RB69 polymerase suggests that L802 and K805 are located in the conserved ␣-helix P that is implicated in nucleotide binding. Although L802 and K805 do not appear to make direct contacts with the incoming nucleotide, it is conceivable that changes at these residues could exert their effects through the adjacent, highly conserved amino acids Q807 and/or K811. Our data show that a K811A substitution in UL54 causes reductions in rates of nucleotide incorporation. The activity of the Q807A mutant is only marginally affected, while this enzyme shows relatively high levels of resistance to foscarnet. Based on these data, we suggest that L802M exerts its effects through subtle structural changes in ␣-helix P that affect the precise positioning of Q807 and, in turn, its presumptive involvement in binding of foscarnet. In contrast, the removal of a positive charge associated with the K805Q change may facilitate access or increase affinity to the adjacent Q807.
The human cytomegalovirus (HCMV), which is a DNA virus that belongs to the Herpesviridae family, is an important human pathogen (16, 23) . Immunocompromised patients, for instance, transplant recipients or AIDS patients, are especially vulnerable to such infection, although the clinical use of antiretroviral drugs against human immunodeficiency virus type 1 (HIV-1) has dramatically decreased the incidence of HCMVrelated disease for patients who respond to HIV-specific treatment (33) . Antiviral drugs that are used to treat HCMV infection target the viral DNA polymerase (9) . The nucleoside analogue ganciclovir (GCV) and the nucleotide analogue cidofovir (CDV) are approved anti-HCMV drugs. Both drugs were shown to significantly reduce the viral burden; however, antiviral therapy over protracted periods of time can lead to the emergence of resistance-conferring mutations, which is a major factor associated with treatment failure (18) . Resistance to GCV has been associated with mutations in the viral UL97 and UL54 genes (4, 11, 12, 18) . The former encodes a kinase that phosphorylates the drug to its monophosphate form, and the latter encodes the viral DNA polymerase that accepts the triphosphate form of this compound. CDV is a phosphonate that requires activation by cellular enzymes to its diphosphate form, which explains why changes in the UL97 gene do not affect susceptibility to this compound (27) . However, many of the mutations found in the DNA polymerase confer cross-resistance to both drugs.
The pyrophosphate analogue foscarnet (PFA; phosphonoformic acid) is the third approved anti-HCMV compound that is frequently administered when first-line agents have failed.
The triphosphate form of GCV and the diphosphate form of CDV compete with their natural counterparts dGTP and dCTP, respectively, for binding to the DNA polymerase and incorporation into the viral DNA (39) . Once incorporated, these compounds were shown to reduce subsequent polymerization steps (38) . Biochemical studies with the UL54 enzyme and the related herpes simplex virus (HSV) DNA polymerase (UL30) suggested that resistance-conferring mutations appear to diminish drug binding and/or incorporation (5, 22) . The mechanisms of drug action and resistance associated with foscarnet are less well characterized. This compound exhibits a broad spectrum of antiviral activities and has been shown to block replication of related herpesviruses, including HCMV, HSV type 1 (HSV-1), and HSV-2, as well as retroviruses, including HIV-1 (8, 28) . Foscarnet acts noncompetitively with respect to the deoxynucleoside triphosphate (dNTP) substrate (13) . It has been suggested that the pyrophosphate analogue binds to a site in close proximity to the active center that may overlap at least in part with the pyrophosphate binding site (10) . This notion is based on biochemical studies showing that foscarnet blocks pyrophosphate exchange reactions and pyrophosphorolysis, i.e., the reverse reaction, in competitive fashion. However, the precise binding site of foscarnet and the detailed mechanism of drug action remain elusive. Mutations that confer resistance to foscarnet map to different conserved regions in the UL54 gene and do not appear to cluster around a specific site (17) . At the same time, it should be mentioned that crystal structure models of UL54 and UL30 are not avail-able, which makes it difficult to define the active center and the putative binding site for foscarnet.
Clinical data have shown that resistance to foscarnet is associated with mutations T700A, M715V, E756Q, V781I,  V787L, L802M, A809V, V812L, and T821I (3, 18, 37) . Of note, it has been reported that prolonged treatment with GCV and PFA can lead to the emergence of a dually resistant phenotype. One particular isolate harbored mutations T821I and K805Q among others (32) . Drug susceptibility measurements with recombinant viruses that contained single point mutations revealed that T821I caused a 21-fold decrease in susceptibility to foscarnet, while K805Q conferred a 5-to 6-fold increase in susceptibility to foscarnet (5) . Drug hypersusceptibility is of potential clinical benefit, which merits further investigation. K805 is also located in the vicinity of other residues that were shown to reduce susceptibility to foscarnet, e.g., L802M. It is therefore conceivable that this region plays an important role in drug binding and enzymatic activity.
Subtle structural changes may either decrease or increase the affinity to foscarnet, which may translate into resistant or hypersusceptible phenotypes, respectively. Here we generated wild-type (WT) UL54 as well as the K805Q-and L802M-containing mutant enzymes in order to study the biochemical mechanisms associated with these complex phenotypes. We found that the enzymatic activities are not significantly changed in the absence or in the presence of either of the two mutations. However, K805Q increased the inhibitory effects of foscarnet, while L802M decreased its efficacy in cell-free assays, which is in good agreement with published drug susceptibility data (5) . We provide evidence to show that both residues are most likely located within a helical region in close proximity but not in contact distance to the bound dNTP. Mutagenesis studies, based on the structure of the related DNA polymerase (gp43) of the bacteriophage RB69, suggest that both mutations could exert their effects indirectly through the adjacent, highly conserved residue Q807.
MATERIALS AND METHODS
Plasmid constructs. Wild-type and mutant enzymes were derived from recombinant viruses generated by overlapping cosmids as described previously (5) . The UL54 coding sequence was cloned into pCITE4b (Novagen) by use of the EcoRI and HindIII sites to generate pCITE4b/UL54-WT, -L802M, -Q805A, -Q807A, and -K811A. Amino acid substitutions were introduced with Pfu DNA polymerase (Fermentas) according to the manufacturer's recommendations by amplification of the pCITE4b/UL54-WT plasmid with primer pairs that contained the proper changes. All plasmids were sequenced to confirm the presence of the introduced mutation and the absence of undesired changes.
Protein expression. All enzymes were expressed in rabbit reticulocyte lysate by use of a coupled in vitro transcription-translation system (Promega). Reactions were conducted essentially as previously described (6) . In order to assess and compare the yields of the different enzymes, we included 40 mCi [
35 S]methionine (Amersham Biosciences) in the reaction mixture and analyzed the products through sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were quantified by phosphorimager analysis (Storm 840; Amersham Biosciences). We found that 2.5 to 3% of [ 35 S]methionine was incorporated into the proteins, which corresponds to a protein concentration of approximately 1.5 ng/ml. This amount was similar for wild-type and mutant proteins.
Bioinformatics and structural analyses. Sequence alignments were generated with MacVector software (Accelrys). The structural information of the RB69-associated polymerase gp43 is based on the structure of the ternary complex (PDB no. 1IG9). Figure 1C was generated with a Deep View-Swiss PDB viewer.
Filter-based DNA polymerase assay. DNA polymerase activity was tested in the presence of activated calf thymus DNA. The reaction was performed with 25 mM Tris-HCl (pH 8), 90 mM NaCl, 0.5 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, and 5% glycerol (designated buffer P). dATP, dCTP, and dTTP (10 M each), 100 g/ml activated calf thymus DNA (Amersham Biosciences), 1 M [ 3 H]dTTP, and 0.5 l of the enzyme-containing transcription-translation mixture (ϳ0.75 ng enzyme) were used in a typical setup. Reactions were carried out in a total volume of 25 l at 37°C, following the addition of MgCl 2 (10 mM). DNA synthesis was stopped after 30 min by addition of 600 l of cold 10% trichloroacetic acid-1% NaPP i , followed by nucleic acid precipitation on ice for 1 h. The samples were filtered and washed with 10% trichloroacetic acid-1% NaPP i to measure the labeled DNA by scintillation counting.
Gel-based DNA polymerase assay. Unless otherwise indicated, we used the following synthetic heteropolymeric oligonucleotides (Invitrogen) in gel-based assays to measure the polymerase activity of UL54: 5Ј-GAGTGGTATAGTGGA GTGAA-3Ј (P20) and 5Ј-CCAATATTCACCATCAAGGCTTGACGTCACTTC ACTCCACTATACCACTC-3Ј (T50). The underlined sequence represents the region of the template that is complementary to the primer (P20). The synthetic oligonucleotides were purified on 12% polyacrylamide-7 M urea gels containing 50 mM Tris-borate, pH 8.0, and 1 mM EDTA. 5Ј-end labeling of the primer was performed with [␥-32 P]ATP and T4 polynucleotide kinase. The labeled products were again electrophoretically purified to obtain homogeneously labeled nucleic acids. Primer/template sequences were heat annealed prior to the start of the reaction. In a typical reaction, DNA synthesis was conducted with buffer P in the presence of 10 M of each of the four nucleoside triphosphates, 1.5 pmol of the primer/template substrate, and 1 l (ϳ0.0125 pmol UL54) of the enzyme preparation. We used a relatively high ratio of nucleic acid/enzyme to ensure that DNA synthesis was monitored in the linear range. Reactions were initiated by the addition of MgCl 2 (10 mM) in a total volume of 20 l and stopped by addition of 20 l formamide and bromophenol blue/xylene cyanole dyes. The products were heat denatured for 5 min at 95°C, resolved on 8% polyacrylamide-7 M urea gels, and analyzed by phosphorimager analysis.
Measurements of IC 50 values. Polymerase activity was monitored in the presence of increasing concentrations of foscarnet or pyrophosphate in order to determine the concentrations of inhibitor that were required to block 50% of full-length DNA synthesis (50% inhibitory concentrations [IC 50 ]). The ranges of concentrations used are indicated in the figure legends. The data were analyzed with Prism software (GraphPad Prism version 4.0).
Steady-state kinetics. Steady-state kinetic parameters K m and V max for singlenucleotide incorporation events were determined through gel-based assays, as described previously (2) . We used four different primer/template combinations, referred to as P20/T33-A, -C, -G, and -T: 5Ј-GAGTGGTATAGTGGAGTG AA-3Ј (P20), 5Ј-AGAGAGAGAGAGTTTCACTCCACTATACCACTC-3Ј (T33-A), 5Ј-ACACACACACACGTTCACTCCACTATACCACTC-3Ј (T33-C), 5Ј-GTG TGTGTGGTGCTTCACTCCACTATACCACTC-3Ј (T33-G), and 5Ј-TCTCTC TCTTCTATTCACTCCACTATACCACTC-3Ј (T33-T). Each underlined sequence represents the region of the template that is complementary to the primer (P20).
The incorporation of the nucleotide was monitored at a single time point in the presence of increasing concentrations of dATP, dCTP, dGTP, or dTTP. Reactions were allowed to proceed for 10 min at 37°C. Misincorporations have not been observed under these conditions. The data were fitted to Michaelis-Menten equations by use of GraphPad Prism (version 4.0). K i values were determined on the basis of measurements of multiple incorporation events by using calf thymus DNA as described above. The assay was conducted in the presence of 1 M 
RESULTS
Experimental design. Figure 1A shows the distribution of known foscarnet resistance mutations in domain III of HCMV UL54. This region contains numerous residues that are highly conserved among different members of the ␣-DNA polymerase family, to which the HSV-, HCMV-, and RB69-associated enzymes belong (17) . While structural models of the HSV and HCMV polymerases are not available, the crystal structure of the RB69 enzyme (gp43) has been determined in various forms Highlighted are residues that have been associated with changes in drug susceptibility: cidofovir (CDV), ganciclovir (GCV), and foscarnet (PFA). Superscript R and HS indicate resistant and hypersusceptible phenotypes, respectively. (B) Amino acid sequence of helix P of the RB69-associated DNA polymerase gp43 aligned against corresponding sequences of UL54 (HCMV) and UL30 (HSV1). Bold letters indicate amino acid residues that are conserved in both UL54 and UL30. Underlined letters indicate amino acid residues conserved among all three related DNA polymerases. Highly conserved residues are found between positions 807 and 822. (C) Interaction between helix P and the bound nucleotide, based on the structure of the ternary complex of gp43 (14) . Divalent metal ions are shown as gray spheres. The bound nucleotide is shown in green, the position of the 3Ј end of the primer is shown in yellow, and the complementary template positions i ϩ 1 and i are shown in white. Helix P (A535 to G571) is shown in blue, and residues that are relevant to this work are highlighted: A551 (red; changes at this position in UL54 are associated with resistance to foscarnet), T554 (green; changes at this position in UL54 are associated with hypersusceptibility to foscarnet), Q556 (yellow), and K560 (magenta). The last two amino acids are highly conserved among ␣-DNA polymerases. Amino acids in parentheses indicate the structural equivalents in UL54. (15, 20, 36) , including the structure of a complex with bound primer/template and nucleotide substrates (14) . This model shows that the highly conserved residues of domain III constitute part of helix P, which interacts with the template strand and the nucleoside triphosphate ( Fig. 1B and C) . K560 in gp43 has been identified as an important residue that contacts the bound nucleotide at its ␣-and ␥-phosphates (40). Pre-steadystate kinetic analyses have shown that a K560A change in gp43 caused a severe reduction in rates of nucleotide incorporation (40) . The mutant had much a higher K d value than the wildtype enzyme. The UL54 counterpart of K560 is located at position 811, which is in close proximity to the mutations that are implicated in resistance (L802M) and hypersusceptibility (K805Q) to foscarnet. However, the gp43 structure suggests that the equivalent residues, A551 and T554, respectively, reside at a distance of approximately 12 Å away from ␥-phosphate (Fig. 1C) . Thus, one could consider two different explanations to reconcile these observations. The structures of UL54 and gp43 could differ to such an extent that L802 and K805 are actually located closer to the bound nucleotide, where the two mutations may directly affect binding of foscarnet. Alternatively, the structures are indeed very similar and L802M and K805Q may exert their effects indirectly over a longer distance. An HSV-1 recombinant that contains the K805Q change shows the same hypersusceptible phenotype as described for HCMV, which points to a high degree of structural homology in this region, at least among UL54 and UL30 (1).
To better assess to which degree the structures of the RB69 and UL54 enzymes resemble one another, in particular around the dNTP/PP i binding site, we generated two UL54 mutant enzymes that contain alanine residues at positions K811 and Q807. The glutamine is also conserved among various members of the ␣-like polymerases; however, Q556 in gp43 still resides at a distance of approximately 6 Å away from the ␥-phosphate. This may not suffice for direct contacts, although Q556 is located on the same side of the helix as the phosphate. Thus, one would predict that the effects of changes at Q556 (gp43) and Q807 (UL54) on the rates of polymerization are likely to be less pronounced than changes at K560 and K811, respectively. In order to shed light on the molecular mechanisms involved in resistance and hypersusceptibility to foscarnet, we characterized the two UL54-associated mutants K811A and Q807A together with enzymes that contain mutations L802M and K805Q.
Steady-state kinetics. Throughout this study, we used a coupled in vitro transcription-translation system to generate UL54 and its mutant variants (see Materials and Methods). This expression system has proven successful for the determination of steady-state kinetic parameters (7, 41) . In order to compare the efficiency of DNA synthesis of wild-type UL54 and that of the four mutant enzymes, we initially looked at multiple nucleotide incorporation events by using a defined primer/template system in gel-based assays (Fig. 2) . The activities of wildtype UL54 and the Q807A mutant appeared almost identical in this experiment; however, DNA synthesis with K811A was compromised. The two mutants L802M and K805Q displayed wild-type-like activities as well (data not shown). To translate these observations into quantitative terms, we next determined K m and V max values with regards to the incorporation of a single nucleotide. For this purpose, we incrementally increased the concentrations of the first nucleotide and omitted the three other dNTPs from the reaction mixture (Fig. 3) . Overall, we found that the efficiency of the reaction (V max /K m ) was similar for wild-type UL54 and the three mutants Q807A, L802M, and K805Q, while K811A was again compromised (Table 1) . We caused only relatively minor changes: 2.3-fold (dATP), 2-fold (dCTP), 1.7-fold (dGTP), and 3-fold (dTTP). We determined similar relatively small changes with the other two mutants, L802M and K805Q (Table 1) .
These data provide strong evidence to suggest that the two conserved residues in helix P of gp43 and UL54 exhibit similar functions with regards to dNTP binding and catalysis. With the exception of dATP, the reduced efficiency of nucleotide incorporation seen with the K811A mutant was largely attributable to higher K m values. For yet-unknown reasons, the incorporation of dAMP, relative to that of the three other nucleotides, was generally associated with elevated K m values for each of the enzymes studied. The relatively small effects on singlenucleotide incorporation events seen with the Q807A mutant suggest that the distance between the side chain of the conserved glutamine and the ␥-phosphate of the incoming nucleotide might be too long to allow direct contacts. This notion is supported by the fact that mutations L802M and K805Q showed similar minor changes with respect to the efficiency of incorporation of a single nucleotide.
Inhibitory effects of foscarnet and pyrophosphate. We utilized the same primer/template substrate as shown in Fig. 2 to analyze the effects of L802M-and K805Q-containing mutant enzymes on DNA synthesis in the presence of increasing concentrations of foscarnet. In this context, we measured the concentration of foscarnet that is required to inhibit 50% of the production of full-length DNA (Fig. 4) . The L802M mutant showed a threefold-increased IC 50 value, while the K805Q mutant showed a fivefold-decreased IC 50 value. These biochemical data are remarkably consistent with drug susceptibility measurements based on plaque reduction assays (5). It would be of interest to conduct the kinetic measurements also in the presence of UL44, which acts as a processivity factor (24); however, our data suggest that resistance-or hypersusceptibility-conferring mutations affect intrinsic properties of the polymerase UL54. It is unlikely that L802M and K805Q may directly affect binding of foscarnet. Our data with mutants K811A and Q807A suggest that positions 802 and 805 are too far away from the presumptive binding site of the drug. This site may partially overlap with the PP i binding site, considering that foscarnet inhibits pyrophosphorolysis in a competitive fashion. Crystal structures of complexes of T7 RNA polymerase with and without PP i or dNTP substrates show that PP i binds to the same location that was formerly occupied by the ␤-and ␥-phosphates of the bound nucleotide (42) .
L802M and K805Q may exert their effects indirectly through structural changes of other residues that are located in close proximity to the nucleotide binding site. Q807 might be a good candidate in this regard. Thus, we included the Q807A mutant in this set of experiments and found that this change caused a Incorporation of dTMP by WT UL54. efficiency of single-nucleotide incorporations was monitored in the presence of increasing concentrations of dTTP, while all other deoxyribonucleotides were omitted from the reaction. The reaction was allowed to proceed for 10 min. Under these conditions, no significant extensions in the control reactions that contain plasmid pCITE4b without the coding sequence for UL54 were seen. This approach was used to determine the kinetic parameters that are listed in Table 1 . sixfold-increased IC 50 value, which is twice as high as the change we measured with the naturally occurring resistance mutation L802M. These data support the notion that L802M may exert its resistance-conferring effects through structural perturbations at or around position 807. However, these data do not explain the hypersusceptible phenotype associated with K805Q.
If the binding site for foscarnet indeed overlaps with the binding site for PP i , one can predict that the three mutations L802M, K805Q, and Q807A affect the inhibition of DNA synthesis in the presence of PP i in a fashion similar to that described for foscarnet. To address this problem, we utilized a polymerase assay that is based on measurements of DNA synthesis with activated calf thymus DNA (see Materials and Methods). This assay differs from our gel-based setup, as it involves longer heteropolymeric DNA templates, which potentially provides higher sensitivity since the inhibitory effects of the drug can theoretically affect each of the multiple nucleotide incorporation events. We found that the resistance values (nfold) for foscarnet are similar for both assays (Table 2) L802M and Q807A, which increase the IC 50 for foscarnet. Although we observed subtle increases in IC 50 values, these increases are by far not as pronounced as those seen with foscarnet. These data suggest that the binding sites for foscarnet and PP i may not be identical. It appears that Q807A can affect binding of foscarnet but not binding of PP i . These data are consistent with the crystal structure of gp43, which shows the functional equivalent of Q807 at a distance that does not allow contacts with the ␤-and ␥-phosphates of the incoming nucleotide. Unlike mutations L802M and Q807A, K805Q, which decreased the IC 50 for foscarnet (0.3-fold), also decreased the IC 50 for PP i (0.6-fold). Thus, it appears that K805Q diminishes the inhibitory effects of PP i and the PP i analogue through a similar mechanism. This mechanism does not appear to involve increased drug binding through 805Q, because position 805 is too far away from the ␤-and ␥-phosphates of the bound nucleotide.
Type of inhibition. Previous biochemical studies have shown that foscarnet is a noncompetitive inhibitor with respect to the nucleotide substrate (13) . Thus, we next determined steadystate kinetic parameters (V max , K m , and K i ) in the presence of increasing concentrations of foscarnet in order to analyze whether the same or a different type of inhibition is seen with the resistance-and hypersusceptibility-conferring mutants ( Fig. 5 and Table 3 ). With respect to all four enzymes, i.e., wild-type UL54, L802M, K805Q, and Q807A, we found that changes for K m values were insignificant, while V max values decreased dramatically with increasing concentrations of the drug. These data show that foscarnet acts as a noncompetitive inhibitor in each case, regardless of whether the phenotype shows resistance or hypersusceptibility. As expected, the extent of the decrease in V max values depends on the phenotype. K i values were determined by plotting 1/V max against the different concentrations of foscarnet (Table 3) . K i values higher than those for wild-type UL54 are consistent with a resistant phenotype (L802M and Q807A), while the lower K i value determined for K805Q is consistent with the hypersusceptible phenotype.
DISCUSSION
The pyrophosphate analogue foscarnet is clinically used to treat infection with HSV, HCMV, and related herpesviruses. As with other antiviral drugs, success in therapy is sometimes severely compromised in the presence of resistance-conferring mutations that eventually emerge over longer periods of treatment. Specific mutations have been identified for various conserved domains of the HCMV DNA polymerase and do not appear to cluster around a single site (18) . In this study, we focused on the biochemical characterization of relevant mutations that are found in helix P (A786 to N825). Changes in this region have also been associated with resistance to nucleoside/ nucleotide inhibitors (Fig. 1A) , and in this context it is interesting to note that a V823A change was also shown to decrease susceptibility to a non-nucleoside analogue inhibitor (34) . These combined data suggest that ␣-helix P plays important roles in enzymatic function.
The structure of the related RB69-associated polymerase gp43 shows that N564, K560, and Q556 of helix P reside in the vicinity of the incoming dNTP (40) . The functional equivalents in UL54 are N815, K811, and Q807. Several mutations that confer either reduced (L802M, A809V, V812L, and T821I) or increased (K805Q) susceptibility to foscarnet are located in close proximity to the conserved residues that are implicated in nucleotide binding. Based on our biochemical studies, we propose a model that helps to explain the role of helix P in mechanisms involved in foscarnet drug action and drug resistance. We suggest that the presumptive binding site for foscarnet is located in close proximity to the ␥-phosphate of the bound nucleotide and that Q807 provides important contacts (Fig. 6) . The development of this model is discussed next.
Nucleotide binding characteristics. Previous biochemical and crystallographic data for gp43 suggested that K560 is involved in nucleotide binding (40) . Here we propose a similar function for K811 of UL54. The notion that this residue is involved in nucleotide binding is supported by steady-state kinetic analyses showing that DNA synthesis with the K811A mutant is compromised. This effect is largely attributable to increases in K m values, which is reminiscent of the higher K d values obtained with the functionally equivalent RB69 mutant. The K m and K d values are not necessarily identical (29) ; however, given the established position of K560 in the RB69 enzyme (40) , it is reasonable to assume that K811 is likewise involved in nucleotide binding. In contrast, the function of the conserved residue Q807 is less well defined, because the model of gp43 shows the equivalent amino acid at a distance of approximately 6 Å away from the ␥-phosphate, which appears to be too far to permit direct contacts with the bound nucleotide. In fact, the polymerase activity of the Q807A mutant of UL54 was not significantly altered. These data provide strong evidence to suggest that the structures and functions of helix P of enzymes gp43 and UL54 are very similar. It remains to be elucidated why the glutamine at position 807 is actually conserved among the various members of the ␣-polymerase family. Given the proximity to the phosphates of the bound nucleotide, this residue might be involved in the release of PP i , which is difficult to study under steady-state conditions. Presteady-state kinetic analyses along with cell culture-based fitness measurements may help to shed light on this problem.
Binding of foscarnet. Here we have shown that the Q807A mutant confers sixfold resistance to foscarnet, which suggests that Q807 might be directly involved in binding of foscarnet. Previous studies of related polymerases have shown that foscarnet acts as a competitive inhibitor with respect to the re- verse reaction, i.e., pyrophosphorolysis (10) . These findings indicate that the binding sites for PP i and foscarnet may overlap to a certain degree. Such overlap is unlikely to be extensive, since foscarnet acts as a noncompetitive inhibitor with respect to the nucleotide substrate (13) . Moreover, high levels of resistance to foscarnet are usually not associated with high levels of resistance to PP i (Table 2 ) (10), which is what one would predict were the binding sites identical. Together, these data provide evidence to suggest that the binding site for foscarnet is located in close proximity to the position of the ␥-phosphate and that Q807 provides important contacts (Fig. 6 ). Both the carboxyl and phosphonate moieties may interact either with Q807 or with residues that are normally in contact with the ␥-phosphate. Of note, residue K65 in HIV-1 reverse transcriptase (RT) contacts the ␥-phosphate of the bound nucleotide and a K65R change confers resistance to foscarnet (31) . In UL54, K811 could be seen as a functional equivalent in this regard; however, the activity of the K811A mutant is impaired per se, which makes it difficult to accurately measure changes in IC 50 values. Drug binding in the proposed mode may prevent simultaneous binding of PP i , particularly if one considers the high IC 50 values compared to those for foscarnet (Table 2) . In contrast, the noncompetitive mode of inhibition of DNA synthesis suggests that the incoming dNTP may still bind to its designated binding site; thus, simultaneous binding of foscarnet could affect the precise positioning of the dNTP substrate rather than its affinity to the enzyme. Binding of the dNTP substrate and foscarnet may also involve different complexes, as previously suggested for HIV-1 RT (26). Site-specific footprinting experiments revealed that the nucleotide substrate can bind only to a posttranslocation complex, in which the dNTP binding site is freely accessible (25) . In contrast, foscarnet may (also) bind to the pretranslocation complex, in which the newly incorporated nucleoside monophosphate occupies the dNTP binding site.
Other residues that are not necessarily part of helix P may likewise provide contacts to the bound foscarnet. For instance, the gp43 structure suggests that basic amino acids R785 and R789 in UL54 are found within 6 Å of the ␥-phosphate (14) . Of note, changes at the adjacent amino acid V781 have been associated with resistance to foscarnet, and changes at positions D780 and L782 of the related herpes simplex virus DNA polymerase (UL30) reduce susceptibility to foscarnet and to acyclovir and adefovir (17) . All of these residues belong to helix N, which was also shown to provide important contacts to the bound dNTP binding (14, 40) . As for helix P, many mutations that affect susceptibility to foscarnet and nucleoside/nucleotide analogue inhibitors are found in close proximity to highly conserved residues. It is thus likely that some of these mutations exert their effects indirectly, possibly through subtle rearrangements of the side chains of adjacent highly conserved residues. Resistance and hypersusceptibility. In this study, we have focused on mutations L802M and K805Q. Our model predicts that the distance between L802M and the bound foscarnet might be too long to allow contacts. Drug binding in close proximity to the highly conserved residues K811 and Q807, as shown in Fig. 6 , literally excludes direct interactions with L802. The L802M substitution may affect the precise positioning of Q807, which in turn affects binding of foscarnet. In this model, subtle rearrangements of the side chain do not necessarily affect the affinity to PP i . Based on crystal structures of other polymerase complexes, it is reasonable to assume that PP i occupies the positions of the ␤-and ␥-phosphates of a nucleoside triphosphate substrate (42) . This region is not within contact distance of Q807, which is supported by our data that show that Q807A-and L802M-associated mutations increase IC 50 values for foscarnet, while no discernible differences were measured with PP i .
In contrast to the data obtained with L802M, the K805Q mutant that confers hypersusceptibility to foscarnet also reduces the IC 50 value for PP i . It is unlikely that the K805Q change can directly affect binding of foscarnet or PP i , because the distance to the presumptive binding sites would be too long, as outlined above. However, the natural K805 could affect the precise orientation of foscarnet and/or its interaction with Q807. The net loss of positive charge in K805Q may counteract such an effect, which would provide an explanation for the hypersusceptible phenotype. Mechanisms that are not based on affinity changes cannot be excluded at this point. Previous biochemical and crystallographic data have shown that the L103N mutation in HIV-1 RT acts as a "gate keeper" and restricts the access of certain non-nucleoside analogue RT inhibitors to their designated target site (21) . Conversely, it is conceivable that hypersusceptibility-conferring mutations, such as the K805Q change, may facilitate drug access.
The mechanisms by which mutations V812L, A809V, and T821I confer resistance to the drug can also differ from the mechanisms discussed in this study. V812L and A809V are located in close proximity to the incoming nucleotide and may thus directly affect binding of foscarnet. In contrast, T821I, which confers relatively high levels of resistance to foscarnet, is too far away from the bound nucleotide. However, the structural equivalent in RB69 contacts the template, which may provide an alternative mechanism of drug resistance. Resistance-conferring mutations in HIV-1 RT were also found to map to various regions (26) , which likewise points to different mechanisms. One of these mutations, e.g., E89K, may affect the interaction with the template, as suggested for T821I in FIG. 6 . Possible interactions between helix P and foscarnet. This simplified model shows side chains of important residues in helix P that are either highly conserved (boxed) among ␣-DNA polymerases or associated with changes in susceptibility to the drug (R, resistant; HS, hypersusceptible). Helix P of UL54 is shown here in an orientation to the bound nucleotide similar to that shown for helix P of gp43 in Fig. 1C . The structural data suggest that positions 805 and 802 are likely to be too far away to provide direct contacts with the drug. Our data suggest that foscarnet may bind in close proximity to Q807. The gray circle indicates the possible location of the bound drug relative to the nucleotide. The orientation of the bound foscarnet cannot be predicted on the basis of the data presented in this study. Dotted lines illustrate possible interactions between the negatively charged foscarnet and the side chain of Q807. There might be a partial overlap with the position of the ␥-phosphate (large open circle), which would help to explain previous data that suggested a competitive mode of inhibition of pyrophosphorolysis. Dashed lines illustrate contacts between the structural equivalent of K811 (K560) in gp43 and the ␣-and ␥-phosphates of the bound dNTP. Possible interaction between K811 and foscarnet cannot be confirmed, because mutations at this position were shown to affect dNTP binding at the same time.
HCMV UL54, but many other changes do not make direct contacts with the active site, the bound dNTP, or the nucleic acid substrate, which is again reminiscent of the mutational patterns described for HSV and HCMV. Several studies have shown that mutations in the conserved region II (around positions 696 and 724) of the related HSV-1, HSV-2, and bacteriophage T4 DNA polymerases can increase or decrease susceptibility to foscarnet or to its derivative phosphonoacetic acid (1, 19, 30, 35) . Given that this region is likewise implicated in nucleotide binding, it would be interesting to study the effects of corresponding mutations in this region of HCMV UL54.
Taken together, the data presented in this study provide strong evidence to suggest that the structures and functions of helix P of RB69 gp43 and HCMV UL54 are highly related, at least in the vicinity of the nucleotide binding site. The characterization of enzymes with mutations at highly conserved residues sheds light on the possible binding site for the pyrophosphate analogue foscarnet. We propose a model that places foscarnet in close proximity to Q807 and the position of the ␥-phosphate of the bound dNTP. In this model, mutations L802M and K805Q exert their effects indirectly through structural changes that affect the interaction between foscarnet and Q807.
